The p53 inhibitor MDMX is controlled by multiple stress signaling pathways. Using a proteolytic fragment release (PFR) assay, we detected an intramolecular interaction in MDMX that mechanistically mimics the interaction with p53, resulting in autoinhibition of MDMX. This mimicry is mediated by a hydrophobic peptide located in a long disordered central segment of MDMX that has sequence similarity to the p53 transactivation domain. NMR spectroscopy was used to show this hydrophobic peptide interacts with the N-terminal domain of MDMX in a structurally analogous manner to p53. Mutation of two critical tryptophan residues in the hydrophobic peptide disrupted the intramolecular interaction and increased p53 binding, providing further evidence for mechanistic mimicry. The PFR assay also revealed a second intramolecular interaction between the RING domain and central region that regulates MDMX nuclear import. These results establish the importance of intramolecular interactions in MDMX regulation, and validate a new assay for the study of intramolecular interactions in multidomain proteins with intrinsically disordered regions.
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MDMX | p53 | intramolecular | acidic domain | protease T he p53 tumor suppressor is activated by numerous cellular and environmental signals and induces the expression of genes that regulate metabolism, cell growth, cell cycle, apoptosis, and senescence (1) . MDM2 and MDMX are key regulators that control the cellular level and transcriptional activity of p53 through direct binding. Mouse knockout experiments showed that both MDM2 and MDMX are essential for controlling p53 activity during embryogenesis. Somatic knockout experiments showed that MDM2 is indispensable for regulating p53 in adult tissues, whereas MDMX deletion does not lead to cell death (2) . MDM2 is a well-established p53 transcriptional target that forms a negative feedback loop by binding to the N-terminal transcriptional activation domain of p53 and, subsequently, ubiquitinating the C-terminal regulatory domain, which leads to degradation of p53 by the proteasome. p53 binding sites are also found in intron 1 of human MDMX, and p53 activation leads to moderate induction of MDMX transcription (3) . Therefore, MDMX is a p53 target gene that may also provide dynamic feedback in response to p53 activation.
MDMX alone does not have E3 ligase activity, but it is important for regulating p53 transcriptional function. MDMX expression and phosphorylation by the ATM/Chk2 pathway is important for the p53-mediated DNA damage response in mice (4, 5) . MDMX levels are controlled by MDM2-mediated ubiquitination in a stress-dependent fashion (6, 7). Significant degradation of MDMX occurs after DNA damage through phosphorylation at several C-terminal sites (S342 and S367 by Chk2, S403 by ATM) (8) . Furthermore, ribosomal stress promotes MDMX degradation through L11-MDM2 interaction (9) , and oncogenic stress promotes MDMX degradation through ARF expression (10) . Therefore, key signaling mechanisms that block p53 degradation simultaneously enhance MDMX degradation by MDM2. These observations underscore the coordinated control of MDM2 and MDMX that regulate the cellular dynamics of p53 in response to DNA damage.
MDMX knockout in mice leads to p53 activation without significant stabilization (11) . Inhibiting MDMX-p53 binding leads to p53 activation, suggesting that MDMX-p53 binding is critical for the regulation of p53. Both MDM2 and MDMX bind to p53 through a hydrophobic pocket at the N-terminal domain, but the interactions appear to be regulated differently. A previous study showed that CK1α kinase stably binds to MDMX (but not MDM2) and stimulates MDMX-p53 binding (12) . CK1α interacts with the central region of MDMX, including the partially disordered acidic region and zinc finger, and promotes phosphorylation of S289 (12) . CK1α appears to inhibit a putative intramolecular interaction between the p53 binding domain and central domain of MDMX, suggesting a mechanism by which CK1α stimulates MDMX-p53 binding (13) . DNA damage inhibits MDMX-CK1α binding that, in turn, leads to decreased MDMX-p53 binding (13) .
Intramolecular interactions in multidomain proteins often have important functions (14) . Analysis of intramolecular interactions by X-ray crystallography is often difficult, because flexible regions interfere with crystallization. Most studies rely on GST pull down, coprecipitation, and yeast two-hybrid assays. These approaches may create overexpression artifacts or false negative results due to abnormal folding or low affinity of separated domains. We established an assay for analyzing protein intramolecular interactions, which we referred to as proteolytic fragment release assay (PFR). Using the PFR assay, we detected multiple intramolecular interactions by using full-length MDMX produced in human cells. We identified an autoinhibitory sequence in the MDMX central domain that binds to the N-terminal pocket in a manner similar to p53. We also detected changes in MDMX intramolecular binding induced by mutations or interaction with CK1α. These results provide new insight on the mechanism of Significance MDMX protein is a critical regulator of p53 and a novel drug target. The current generation of MDM2 inhibitors does not inhibit MDMX. Therefore, their therapeutic efficacy will be influenced by poorly characterized MDMX functional status in tumors. Efforts to develop MDMX inhibitors have been largely unsuccessful, indicating gaps in our understanding of the structure and regulation of MDMX. This study provides evidence that MDMX-p53 binding is regulated by an autoinhibitory mechanism that involves intramolecular interaction in MDMX through p53 mimicry. The results suggest a mechanism by which DNA damage signaling inhibits MDMX and activates p53. MDMX regulation and validate an approach for analyzing protein intramolecular interactions.
Results
Design of a Protease Cleavable MDMX Construct. To analyze the intramolecular interactions between MDMX domains, PreScission protease cleavage site followed by an epitope tag was inserted into three disordered regions of MDMX selected by using the PONDR predictor of natural disordered regions (15) , generating MDMXc3 (Fig. 1A) . Cleavage with PreScission produced four fragments each with a unique epitope: the p53 binding domain (p53BD, recognized by the antibody 8C6 with an epitope located within residues 101-140), the central acidic region (AD, FLAG tag), C-terminal ATM/Chk2 phosphorylation region (SQ, Myc tag), and the RING domain (RING, HA tag). It was expected that after cleavage of the linkers, domains that interact in the fulllength protein would dissociate slowly compared with noninteracting domains. The binding between fragment pairs was detected by immobilizing MDMXc3 using different epitopespecific antibodies, on-bead digestion with PreScission, and analyzing the retention/release ratio of each domain by Western blot. The accessibility of all three cleavage sites were confirmed by the ability of PreScission protease to cleave MDMXc3 in H1299 lysate in <10 min, producing the epitope-tagged fragments (Fig. 1B) . Functional analyses showed that MDMXc3 retained p53/CK1α/MDM2 binding and degradation by MDM2 (SI Appendix, Fig. S1 ).
Detection of MDMX Intramolecular Interactions Using PFR Assay.
When MDMXc3 expressed in H1299 cells was immobilized with N-terminal antibody 8C6 and cleaved with PreScission, ∼25% of the AD remained bound to the beads (Fig. 2B) , indicating an intramolecular binding between the p53BD and AD. Immobilization using HA antibody resulted in ∼25-50% of the AD remained bound to the beads, suggesting that the AD also interacts with the RING (Fig. 2C) . In contrast, when MDMXc3 was immobilized by using Myc antibody, the AD was completely released after cleavage, suggesting a lack of SQ-AD binding (Fig.  2D ). Similar analyses detected no p53BD-RING binding (Fig. 2B ) and no SQ-RING binding (Fig. 2C ). These negative results provided internal controls for specificity. Overall, the assay revealed that the MDMX AD forms simultaneous or competing internal complexes with the p53BD and the RING domain ( Fig. 2A) . The result likely provides a conservative measure of the MDMX population present in a closed conformation. Hereon we refer to such experiments as proteolytic fragment release, or PFR assay.
Time course analysis showed that the p53BD-AD complex dissociated in 1-2 h after cleavage of the linker (Fig. 2E ), whereas AD-RING dissociation was slow (Fig. 2F ). Both AD-p53BD and AD-RING interactions were disrupted in high detergent or high salt buffers, suggesting that hydrophobic and electrostatic interactions were both important for the internal binding (SI Appendix, Fig. S2A ). We also performed cleavage of MDMXc3 in cell extract, followed by IP-Western blot to detect the coprecipitation of different domains. Robust coprecipitation was detected between the AD and RING fragment by using HA IP (SI Appendix, Fig. S2C ). However, p53BD-AD coprecipitation was very weak by using 8C6 IP (SI Appendix, Fig. S2C , arrow), suggesting that the p53BD-AD complex dissociated completely during the 16 h IP. AD-SQ coprecipitation was not detectable by using Myc IP.
To compare the fragment release assay to GST pull down assay, GST fusion containing MDMX p53BD, MDMX AD, MDMX RING, MDM2 RING, and Praja RING control was incubated with PreScission-digested MDMXc3 and the pull down products were blotted for MDMX fragments. The results showed that this pull down assay specifically detected RING-RING dimerization and RING-MDMXc3 (full-length) interactions (SI Appendix, Fig. S2B , Top and Top Middle), but p53BD-AD and AD-RING interactions were not detectable under these conditions (SI Appendix, Fig. S2B , Bottom and Bottom Middle). These results suggest that the PFR assay was more sensitive in detecting weak or transient intramolecular interactions compared with GST pull down and co-IP assays.
Identification of an Autoinhibitory Sequence in MDMX. Our recent study suggested that the MDMX AD regulates the N-terminal domain (13) . Inspection of the MDMX sequence identified two central regions with hydrophobic residues that may serve as p53 mimetics (Fig. 3A) . The sequence around residue 200 (referred to as WW) contains highly conserved hydrophobic residues (Fig. 3B) . Point mutation analysis showed that W200S/W201G double substitution (referred to as SG) disrupted the p53BD-AD binding in a GST pull-down assay (Fig. 3C) (13) . Next, the SG mutation was introduced into MDMXc3 and analyzed by PFR assay. The results showed that the SG mutation reduced both p53BD-AD and AD-RING intramolecular interactions (Fig. 3D) . In contrast, W239S/F240S substitution only had minor effects. These results suggest that the WW sequence was critical for AD intramolecular binding to both N-and C-terminal domains. To test whether the N and C terminus compete for internal binding to AD, the p53BD or RING domains were deleted from the MDMXc3 construct. The remaining internal binding was analyzed by using PFR assay. The result showed that deleting the p53BD (MDMXc3-Δ1-140) did not enhance AD-RING binding (Fig. 3E) , and deleting the RING (MDMXc3-Δ430-490) had no effect on p53BD-AD binding (Fig. 3F) . Therefore, both the N and C terminus may interact with the AD simultaneously through nonoverlapping binding sites.
The WW Sequence Regulates p53 Binding and MDMX Localization.
When introduced into full-length MDMX, the SG mutation strongly enhanced p53 binding (Fig. 4A) . Unlike MDM2, MDMX is a poor inhibitor of p53 transcriptional activity in the reporter gene assay. However, the SG mutant strongly inhibited p53 activity, similar to AD internal deletion mutant Δ200-304 (Fig. 4B) . When the MDMX constructs were transiently expressed in U2OS cells, the SG mutant and Δ200-304 also blocked p53 induction of p21 more efficiently than wild-type MDMX (SI Appendix, Fig. S3A) .
MDMX was predominantly located in the cytoplasm (Fig. 4C ), which was mediated by a cryptic NLS in the RING domain (16) . The SG mutation caused MDMX to accumulate in the nucleus; deletion of the AD also increased MDMX nuclear localization (Fig. 4C) . This result suggests that the AD-RING interaction is also involved in regulating MDMX nuclear import by masking the NLS. However, this observation also raised a concern that the increased p53 binding by SG (Fig. 4A ) was due to colocalization with p53 in the nucleus. To demonstrate that the SG mutant has increased p53-binding affinity, glutathione beads loaded with GST-p53 were incubated with SG in vitro, confirming the increased binding (Fig. 4D) . The MDMX-Δ200-304 mutant also showed increased p53 binding in vitro (Fig. 4D) , as expected from the loss of the WW sequence. When the 100-361 fragment was coexpressed in U2OS cells, the ability of Δ200-304 to inhibit p53 was partially blocked (SI Appendix, Fig. S3B ). This result is consistent with the weak binding of the central domain to the N terminus when acting in trans. Overall, these results indicate that the WW region is important for internal binding to the N and C terminus, autoinhibition of p53 binding, and inhibition of MDMX nuclear import.
Interaction of the WW Sequence with the Hydrophobic Pocket. To test whether the WW sequence is directly involved in binding to the p53BD, the interaction was analyzed by isothermal titration calorimetry (ITC). The ITC analysis using MDMX-191-209 peptide (EEWDVAGLPWWFLGNLRSN) and p53BD (MDMX-23-111) suggested multiple interactions with K D of 8 μM (presumably from pocket binding) and 340 μM (nonspecific binding) respectively (SI Appendix, Fig. S4 A and C) . This binding affinity was ∼16-fold weaker compared with p53-14-28 peptide (SQETFSDLWKLLPE) (K D ∼ 0.5 μM; SI Appendix, Fig. S4 B and C) , which was expected for an intramolecular inhibitor that can respond to dynamic regulation.
To further determine whether the WW sequence blocks the N-terminal p53-binding pocket, 15 N-labeled MDMX-23-111 was incubated with the unlabeled MDMX-191-209 peptide. Analysis of the HSQC NMR spectra (Fig. 5 A and B) by using published assignments showed that the MDMX-191-209 peptide induced chemical shifts on residues localized to the p53-binding pocket ( Fig. 5 C and D) (17) . The behavior of the resonances during the titration indicates binding of the WW peptide is in the fast exchange regime, with a K D in the range of 10-50 μM, which is close to the K D measured using ITC. As expected, the chemical shifts induced by the SG peptide were significantly reduced but still affected similar residues (Fig. 5B) . The NMR results provide direct evidence that the WW peptide interacts with the p53-binding pocket of MDMX, supporting our mutagenesis mapping and the intramolecular p53 mimetic model. CK1α Binding Alters MDMX Intramolecular Interactions. Our previous study suggested that CK1α binds to the MDMX central region and disrupts p53BD-AD interaction to expose the p53-binding pocket. Using the PFR assay, we were able to demonstrate that CK1α expression inhibited p53BD-AD intramolecular binding in full-length MDMX (Fig. 6A) . Furthermore, the CK1α that coprecipitated with MDMXc3 was preferentially released into the supernatant after protease cleavage (Fig. 6A) , consistent with the interpretation that it's binding to the AD fragment weakens p53BD-AD binding. In contrast, CK1α only had minor effect on AD-RING interaction (Fig. 6A) . The kinase-inactive CK1α-K46D mutant did not inhibit p53BD-AD binding, suggesting that phosphorylation of MDMX by CK1α is required for disrupting p53BD-AD interaction (Fig. 6B) . The SG mutation disrupted MDMX binding to CK1α (SI Appendix, Fig. S1B ), suggesting that the WW sequence also directly or indirectly participates in binding to CK1α. CK1a binding may conceal the WW sequence, thus preventing its interaction with the N-terminal pocket to enhance the p53-binding affinity. Overall, the results demonstrated the ability of the PFR assay to detect changes in intramolecular interactions by using proteins under physiological regulation.
Discussion
Although the detailed mechanism of p53 inhibition by MDMX is still unclear, previous studies using p53-mimetic peptides and small molecule disruptors showed that MDMX-p53 binding is a critical step for p53 inactivation (18, 19) . MDMX-p53 binding is stimulated by CK1α, which is a major binding partner of MDMX. DNA damage inhibits MDMX-p53 binding through a mechanism that involves the disruption of MDMX-CK1α interaction (13), further enhancing p53 activity. Our previous findings and the results from this report together reveal that MDMX autoinhibition is an important mechanism for linking p53 binding to DNA damage response. The model suggests that the MDMX central AD normally interacts with the N terminus to inhibit p53 binding (Fig. 6C) . CK1α disrupts this intramolecular interaction, stimulating N-terminal binding to p53. DNA damage inhibits the MDMX-CK1α interaction (13) , thus enhancing the MDMX internal binding to conceal the p53-binding pocket.
Given the low affinity between the MDMX N terminus and the AD, it was unclear from the previous study how frequently MDMX adopts the closed conformation. In this report, we unambiguously detected the preexisting intramolecular interactions in MDMX isolated from mammalian cells. By cleaving fulllength MDMX into multiple domains and observing the slow dissociation of fragments over the time scale of minutes to hours, the PFR assay revealed that >25-50% of the MDMX N terminus is associated with the AD, explaining the strong autoinhibitory effect on p53 binding. We identified a p53-mimetic sequence critical for the intramolecular binding and autoinhibition. NMR and ITC analyses confirmed that the WW peptide binds to the N-terminal hydrophobic pocket in a manner similar to p53, but with ∼16-fold lower affinity. Its strong functional impact is likely due to a combination of direct binding between the p53BD and the AD as well as a significant contribution from the intramolecular linkage that increases avidity. Although the affinity between the N terminus and AD is low (K d ∼ 8 μM) , the slow dissociation of fragments after cleavage of MDMX suggests that conformational changes (induced fit) may have occurred during the intramolecular interaction. Our analysis also detected a previously unidentified AD-RING internal binding in MDMX. We recently showed that the AD-RING internal interaction in MDM2 activates the ubiquitin E3 ligase activity of the RING domain (20) . Here we found that in MDMX, the AD-RING binding is involved in suppressing nuclear translocation, presumably by concealing the NLS in the RING domain (16) . Whether AD-RING interaction has other functions in MDMX remains to be determined. It is possible that by simultaneously interacting with the AD, the N-and C-terminal domains allosterically communicate to coordinate p53 regulation and stress response. MDMX has been shown to stimulate MDM2 E3 activity by forming a heterodimer. It remains to be determined whether MDMX AD-RING interaction also stimulates the E3 activity of the heterodimer. RING-AD internal interaction appears to be a common feature of MDM2 and MDMX, whereas p53BD-AD interaction and the WW motif are unique to MDMX.
A publication by Bista et al. also discovered the autoinhibitory WW sequence by comparing the chemical shift of MDMX N-terminal domain and full-length MDMX in NMR analysis (21) . In their study, the significant change of N-terminal conformation in the presence of the AD suggests that a large fraction of MDMX engages in intramolecular binding. This result is consistent with the significant internal binding observed by using the PFR assay. Therefore, both studies reveal that MDMX predominantly adopts an inactive conformation for p53 binding. Our results also shed light on a puzzling observation that full-length MDMX is a poor inhibitor of p53 in reporter gene assays, whereas the MDMX-S alternative splice product without the central and C-terminal domains is a strong inhibitor of p53 and its expression in cancer correlates with poor prognosis (22) .
Currently, therapeutic targeting of MDM2 and MDMX mainly focuses on disrupting binding to p53 (23) . Given that MDMX contains an intrinsic inhibitory domain, identifying molecules that strengthen the autoinhibitory interaction may also inhibit MDMX binding to p53 and provide new leads for drug development. For unknown reasons, targeting of MDMX-p53 interaction using small molecules has been largely unsuccessful, whereas several potent MDM2 inhibitors have entered clinical trials. The discovery of MDMX autoinhibition may provide clues to this conundrum, suggesting that full-length MDMX rather than the p53-binding domain should be used as a target in drug screening.
Atomic structures have been obtained for the MDMX N-terminal domain and RING domain in isolation (24, 25) . Our results suggest that in the context of the full-length protein, these domains are often present in complex with the central domain. Therefore, structural analysis of MDMX using individual domains does not capture important conformational states of the full-length protein. Dynamic intramolecular interaction is important for the function and regulation of many proteins. Certain long-range allosteric effects may also involve dynamic intramolecular interactions to cause distant conformational change without a rigid structural path (26) . The PFR assay described here may facilitate the study of such multidomain proteins and unstructured regions.
Materials and Methods
Plasmids and Cell Lines. Point mutants of human MDMX were generated by site-directed mutagenesis using the QuikChange kit (Stratagene). The cDNAencoding MDMXc3 was produced by gene synthesis (Genscript) and cloned into pcDNA3 vector. MDMXc3 contains LEVLFQGPDYKDDDDK, LEVLFQG-PEEQKLISEEDL, and LEVLFQGPYPYDVPDYA inserted after MDMX residues 140, 350, and 429, respectively. GST-PreScission protease fusion was purified from Escherichia coli by using glutathione agarose column.
Proteolytic Fragment Release Assay. H1299 or U2OS cells were transiently or stably transfected with MDMXc3 by using calcium phosphate precipitation protocol. Cells were lysed by using IP buffer [150 mM NaCl, 50 mM Tris·HCl pH 8.0, 0.5% NP50, 2 mM NaF, 0.5 mM DTT, 10% (vol/vol) glycerol]. Cell lysate (1 mL) from ∼2 × 10 6 cells were immunoprecipitated by using 20 μL of packed protein A beads with chemically cross-linked 8C6, FLAG, Myc, or HA mouse monoclonal antibodies for 2 h at 4°C. The beads were washed two times with PreScission buffer (150 mM NaCl, 10 mM Hepes pH 7.5, 0.5 mM DTT, 10% glycerol) and suspended in 100 μL of PreScission buffer. PreScission protease was added to 0.2 μg/μL, and the beads were incubated at 4°C with shaking for 5-20 min. The protease digestion mixture was centrifuged for 10 s, and the beads (bound material) and supernatant (released material) were separated. The beads were washed once with PreScission buffer. The beads and supernatant were boiled in Laemmli buffer, and analyzed by SDS/ PAGE and Western blot by using affinity-purified rabbit anti-FLAG, Myc, or HA antibodies to determine the bound/released ratio of each fragment. Monoclonal antibodies 3G9, 4B2, and 4B11 were also used for detection of different MDM2 fragments (27) .
GST Pull Down, ITC, Protein Expression, and NMR Analysis. Experimental procedures for GST pull down, ITC, and NMR are described in SI Appendix, SI Materials and Methods. MDMX can assume multiple conformational states. I, a closed state of weak p53 binding and cytoplasmic localization due to intramolecular interactions. II, interaction with CK1α opens the N terminus for p53 binding. III, DNA damage recruits 14-3-3 and disrupts binding to CK1α, inhibits the N terminus, and exposes the RING to mediate nuclear import and heterodimerization with MDM2. ATM/Chk2 and WIP1-mediated phosphorylation and dephosphorylation alter the balance between the conformational states.
